Understanding the interactive effects of global change drivers on vegetation is critical for 28 ecosystem management and restoration, particularly in the Mediterranean-climate 29 biodiversity hotspots of the world. Climate change, habitat loss and nitrogen deposition have 30 been identified as the key threats to biodiversity loss in these regions, yet their combined 31 effects are poorly understood. We measured the interactive effects of rainfall manipulation 32 (reduction, rain-fed, addition) and nitrogen deposition (N addition, N + P addition, and 33 unfertilised) on the establishment of 19 Banksia-woodland species planted at three sites in 34 south-western Australia. Seedling survival and aboveground biomass was increased with 35 water addition but was not affected by rainfall reduction. N addition alone did not impact 36 seedling survival and growth, but interacted with rainfall manipulation and site in 37 unpredictable ways. Treatment effects were context dependent, which we attributed to 38 historic nutrient enrichment and competitive exotic species that prevented seedling 39 establishment. Plant species (n = 6) varied greatly in their water-use efficiency and nitrogen-40 use efficiency responses to the imposed treatments, which underscores the difficulty of 41 generalising results to larger numbers of species. Despite our finding that rainfall 42 manipulation and nutrient addition have complex, and in some cases antagonistic effects on 43 seedling survival and growth in Banksia woodlands, our results suggest that local context (i.e. 44 invasive species, land-use history) will have as much influence on seedling establishment as 45 global changes in climate and nitrogen deposition. Local management interventions that 46 address invasive species and associated habitat degradation will be as critical for biodiversity 47 conservation in the future as they are now. 
Introduction 49
Understanding the impacts of global environmental change on the world's ecosystems is 51 critical if we are to identify the interventions necessary to mitigate species loss (Rockström et 52 al. 2009 ). Increasing evidence suggests that the multiple drivers of global change interact in 53 complex ways that are not predicted by the additive effects of individual drivers (but see 54 Zavaleta et al. 2003) . Instead, interactive effects can be greater than the sum of individual 55 drivers (i.e. synergistic) or less than the sum of individual drivers (i. conditions. 63
Materials and Methods 123 124
We designed a field experiment to test the effect of altered rainfall and simulated atmospheric 125 nitrogen deposition (hereafter N-deposition, with and without P addition) on seedling 126 establishment in Banksia woodland. To that end, we selected: 1) study sites (n = 3) within 127 remnant patches of Banksia woodland close to the city of Perth with conditions for seedling 128 establishment representative of those in remnant patches in the surrounding urban landscape 129 (Table 1) , and 2) species to plant (n = 19) ensuring the dominant plant growth forms and 130 families were included (Table 2 ). Our primary goal was to quantify treatment effects across 131 all 19 species, and the degree to which species responses (survival and aboveground biomass) 132
were consistent within plant-trait groups (i.e. lifeform, rooting depth and proteaceous vs non-133 proteaceous; Table 2 ). Our secondary goal was to assess the physiological responses as 134 mechanistic predictors for treatment effects using a subset of species. We describe each 135 element of the experiment below. 136
137

Study sites 138
Banksia woodlands are dominant among the floristically diverse plant communities that grow 139 on the wide sand plain that extends along the coast of south-western Australia. Large tracts 140 of Banksia woodland have been cleared for urban development and the remnant patches that 141 remain within the urban landscape tend to be affected by land-use legacies, invasion by 142 exotic species, rabbit herbivores, trampling by people and motor bikes, and ground water 143 extraction (Burbidge 1989) . The three study sites were differentially affected by one or more 144 of these factors resulting in abiotic and biotic differences among sites (Table 1) (Table 1) . 153
The shrubs Adenanthos cygnorum and Acacia saligna, occurred over an understorey 154 dominated by the exotic species Ehrharta calycina (perennial grass), Pelargonium capitatum 155 (perennial herb) and Carpobrotus edulis (perennial, prostrate succulent). These exotic 156 species are common invaders of Banksia woodland remnants within the surrounding urban 157 landscape (RJ Standish, pers. obs.). The Murdoch site had been cleared of native vegetation 158
apart from a few scattered sheoak Allocasuarina fraseriana and marri trees; groundcover was 159 primarily the exotic pasture grass Pennisetum clandestinum, with some capeweed Arctotheca 160
calendula. 161 162
Murdoch had been fertilised and grazed by stock and so the percentage cover of exotic 163 species was higher here than at Piney-Lakes West and East (Table 1 ). In addition, the surface 164 soils (0-10 cm depth) at Murdoch had higher concentrations of P and NO 3 -N than surface 165 soils at Piney-Lakes West and East, and higher total N than surface soils at Piney-Lakes East 166 (Table 1) . Surface soils at Piney-Lakes West had higher bulk density and lower organic 167 carbon compared with surface soils at Piney-Lakes East and Murdoch; soil moisture 168 availability was similar across the sites in both winter and summer (Table 1) . There was 169 overlap in the ranges of surface-soil pH at the three sites (Table 1) . Soil physico-chemical 170 properties were determined by CSBP Soil and Plant Laboratories, Bibra Lake Perth, using the8 kneading a moistened bolus of soil in the hand and assigning the sample to one of six texture 173 classes based on the length of the soil ribbon. 174
175
Study species 176
Nineteen species were selected for planting to represent the dominant plant growth forms and 177 families within Banksia woodland (Table 2 ; Dodd and Griffin 1989). Two plant families, the 178 Epacridaceae and Orchidaceae are exceptionally difficult to propagate and thus were not 179 included. Seedlings were propagated from seeds collected within a ~50 km radius of the 180 three study sites. Seedlings were propagated outdoors to reduce the shock associated with 181 being transplanted to field conditions. 182
183
The summer drought is a primary filter to seedling establishment in Mediterranean-climate Beginning two weeks after planting, fully factorial combinations of rainfall-manipulation and 208 nutrient-addition treatments were applied to plots for one year. There were nine treatment 209 combinations, each of which was randomly applied to one of nine plots at each site. The 210 three rain-manipulation treatments were: 50% rainfall reduction using rain-out shelters (RR; 211 refer to description below), water addition (WA) whereby rainfall was supplemented by 212 regular watering (increasing 'rainfall' by 20%), and an unmanipulated rain-fed control (RC). 213
Despite climate models for SW Australia consistently projecting rainfall declines, we 214 included a water addition treatment because of high inter-annual variability in rainfall and our 215 predictions of how water availability might interact with nutrient addition. The three 216 nutrient-addition treatments were: N addition, N + P addition, and an unfertilised control. 217
Nitrogen (as urea) was applied monthly to simulate N-deposition at a rate of 10 kg N ha -1 yr -1 , 218 which is an estimated tipping point for the decline of shrublands growing on low-nutrient 219 soils in California (Fenn et al. 2010 ). This rate is more than the projected maximum 220 into two gutters on the roof that drained into two 80 mm diameter PVC pipes; these pipes 235 joined and then connected to flexible corrugated plastic tubing that shunted the water away 236 from the experimental plots. We evaluated the effect of the shelters on soil water availability 237 to planted seedlings by measuring soil moisture before and after rain using a TDR probe 238 (Hydrosense 12 cm rod, Campbell Scientific Australia Pty Ltd). 239
240
For the water addition treatment, supplementary water was delivered to the 4 m × 4 m plots 241 using a sprinkler system attached to a 400 L capacity tank. Up to three 4 mm 'rain' events 242 per month were delivered to plots in winter and autumn; these were increased to 8 mm events 243 in spring and summer. During the experiment, the RR plots received 569 ± 60 mm and the 244 mean frequency of 4-10 mm rain events was ten, the WA plots received 1052 ± 17 mm 245 (mean of three sites ± SE) and the mean frequency of 4-10 mm rain events was 44 and the structures, and detect significant effects. Biomass data were fitted using a normal distribution 287 and survival data using a binomial distribution with a logit-link function. For survival and 288 aboveground biomass response data, we report parameter estimates, their standard errors, and 289 test statistics to aid in interpretation of effect size; contrasts are relative to the rain-fed and 290 unfertilised control treatments and the Piney-Lakes West site. 291
292
Treatment effects. Analysis of treatment effects proceeded in several steps. First, for 293 seedlings exposed to the rainfall-reduction treatment, we tested for differences in survival and 294 aboveground biomass between plants on the edge vs. middle of a rainout shelter. There were 295 no differences so we proceeded with our analysis (F 1,131 = 0.58, P = 0.45). Next, we 296 examined response data for heterogeneity and following a log-transformation of biomass 297 data, all models exhibited behaviour consistent with that of normally distributed data. Mixed 298 effect models contain two elements, fixed effects (such as treatment) and random effects 299 (such as species or plot), each requiring careful examination and validation (Zuur et al. 2009 ). 300
Following Zuur et al (2009), we first assessed three potential random effects structures where 301 intercept or slope and intercept were allowed to vary randomly by species and whether a plot-302 level random intercept effect was necessary (n =2 plants of the same species per plot) with a 303 full model of fixed effects. We assessed these using likelihood ratio tests and parsimony. 304
For both biomass and mortality, a random intercept of species was highly favoured. Next, we 305 optimized the fixed effects beginning with a full model containing all additive and two-way 306 and three-way interaction terms of nutrient, water, and site plus covariates for rooting depth 307 (deep, shallow), lifeform (climber, herb, shrub, tree), and an indicator for membership in the 308 family Proteaceae (Table 2 ). Each treatment, interaction, and covariate were removed and 309 the reduced model tested using likelihood ratio tests with a threshold of P =0.05 for retaining 310 predictors in the final model. All test results were unambiguous with non-retained terms 311 having P >0.05 or retained terms P <0.001. The final model, containing a random slope for 312 each species, no covariates, and full interactions of nutrient, water, and site was assessed for 313 any evidence of heterogeneity of variance with Q-Q plots, standardized residuals versus fitted 314 values, etc and reported parameters estimated using restricted maximum likelihoods. 315
316
Physiological responses 317
We analysed the physiological responses a posteriori according to significant treatment 318 effects and rooting depth, which were evident for rainfall manipulation but not nutrient-319 addition treatments. The physiological responses were WUEi, leaf δ 13 C and NUE. We used 320 14 responses among species to rainfall manipulation using R 2.10 (R development Core Team 322 2010). 323
Results
326
Seedling survival and aboveground biomass 327
Seedling survival was significantly lower at Murdoch than at Piney-Lakes West and East 328 (Tables 3 & 4 , Fig. 1a,b) . Mortality was evident across all species, even at Murdoch 15 of 329 the 19 species that were planted had individuals that survived the experiment. Conversely, 330 the mean percentage cover of exotic species in plots at harvest was higher at Murdoch 331 compared with percentage cover of exotic species in plots at the Piney-Lakes sites (Table 1) . 332
At all sites, the majority of seedling deaths occurred during the summer drought 333
(Supplementary material Appendix A1). Seedling survival was significantly greater in water-334 addition plots compared with survival in rain-fed plots, but with a significant negative two-335 way interaction due to the poor survival of watered seedlings at Murdoch (Tables 3 & 4 , Fig.  336 1a,c). Rainfall reduction did not significantly reduce survival compared with survival in rain-337 fed plots (Table 4, Fig. 1a ). Nutrient addition did not affect seedling survival (Table 4, Fig.  338 1b,c). Effects of three-way interactions (rainfall manipulation × nutrient addition × site) on 339 seedling survival also implicated the Murdoch site, with survival relatively higher in plots 340 where nitrogen and water were added as well as rainfall-reduction plots that received 341 additional nitrogen and phosphorus (Table 4) . We found no evidence of two-way or three-342 way interactions involving the Piney-Lakes sites (Table 4 , Fig. 1a,b) . 343
344
The effect of water addition on aboveground biomass of harvested seedlings was similar to its 345 effect on survival; the aboveground biomass of seedlings in plots with added water wassignificantly greater than that of seedlings harvested from rain-fed plots (Table 4, Fig. 2a) . 347
Rainfall reduction did not significantly reduce aboveground biomass compared with 348 aboveground biomass harvested from rain-fed plots (Table 4) . Unlike the results for survival 349 however, a main effect of site on aboveground biomass was not evident (Table 4 , Fig. 2a,b) . 350
A main effect of nutrient addition was not evident, nor was there evidence of a positive 351 interactive effect of water and nutrient addition as we had predicted (Table 4 Fig 2b) . As with survival data but resulting in a negative rather 355 than positive effect (on aboveground biomass), there was a significant three-way interaction 356 among rainfall reduction, N + P, and the Murdoch site (Table 4) . 357
358
Aboveground biomass responses to rainfall manipulation and nutrient addition were strongly 359 species-specific (Fig. 3a,b) . Models generated for assessing differential responses among 360 trait groups showed no evidence of treatment effects on seedling survival or aboveground 361 biomass according to lifeform (i.e. tree, shrub, climber, herb), rooting depth (shallow or deep) 362 or family (proteaceous vs non-proteaceous). 363
364
Physiological responses 365
Physiological responses varied depending on species identity (Table 5 , Fig. 4 ). Rooting 366 depth was also important, with shallow-rooted species having lower nitrogen use efficiencies 367 than deep-rooted species (Table 5, Fig. 4 ). Species did not show differences in WUEi, 368 seasonal WUE inferred by leaf δ 13 C values, or NUE in response to rainfall manipulation 369 (Table 5, Fig. 4) . In general, the shallow-rooted species had low NUE values and less 370 negative leaf δ 13 C values compared with the deep-rooted proteaceous species, which had high 371 NUE values and more negative leaf δ 13 C values (Fig 5) . Acacia saligna, a nitrogen-fixing 372 species, was intermediate between these two groups (Fig 5) . 
2010b). Our decision to include a diversity of 452
Banksia woodland species meant that there were few individuals of any one species. This 453 design limits our ability to interpret data for individual species, especially given the strong 454 species-identity effects that were evident among the physiological responses that we 455 measured as well as the aboveground biomass responses to nutrient addition. The observed 456 differences in leaf δ 13 C among species confirms the dominant role that water availability has 457 in determining physiological performance in MCEs since its effect appears to be more 458 significant than that of other environmental factors and leaf characteristics that influence leaf 459 
